ADDITIONAL INDEX WORDS. mature, index, fat content, dry matter, weather conditions SUMMARY. 'Hass' avocado (Persea americana) is a fruit in high demand in international markets, and Colombia is expanding its export to the United States. Avocado quality and shelf life are related to its harvest time. However, there is not enough information on harvest indicators in Colombia that allow producers to adequately harvest fruit to comply with market requirements. Therefore, the aim of this study was to estimate maturity indicators during two harvest periods. We harvested fruit between the years 2016 and 2017 in eight farms distributed in three regions of the Department of Antioquia, Colombia, and selected those in the postanthesis stages. We assessed variables such as fruit color, weight, dimensions, oil content (OC), and dry matter (DM). The results were analyzed using simple and multiple regressions as well as by principal component analysis (PCA). The results showed a high linear relation between DM and OC (R 2 ‡ 78.88) and a significant relation between OC, rainfall, fruit development time, and environmental temperature. Nondestructive indicators that allow the establishment of DM in the field (R 2 ‡ 73.57) varied according to the region and included fruit color (L*, b*), volume (P £ 0.05), and fruit development time. These indicators could reduce maturity heterogeneity during the harvest period.
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F
or the past few years, the cultivation of 'Hass' avocado in Colombia has resulted in an increase in fruit production and export to the United States and European markets, primarily to the Netherlands, England, and Spain. According to the Ministerio de Agricultura y Desarrollo Rural (2016) , the cultivated area in 2016 reached 16,000 ha, resulting in export amounts ranging from 18,000 to 29,000 t between 2009 and 2017. This was equivalent to 53 million USD in 2017, and avocados became the third most commonly exported fruit in Colombia after bananas and plantains [Musa sp. (Departamento Nacional de Estad ıstica, 2017) ]. However, despite these numbers, avocado producers in the country do not have sufficient information on harvest maturity indicators. Packaging companies have established DM values as their commercial indicators, ranging from 23% and 30% DM according to their experience. Antioquia is one of the main departments in Colombia cultivating and exporting this fruit, due to its particular soil and climatic conditions that allow fruit production all year round. Gamble et al. (2010) have reported that harvest time can affect fruit quality, shelf life, sensory acceptability, and market opportunity. In addition, Burdon et al. (2013) found that under cold chain conditions, fruit harvested too mature are more susceptible to internal pulp disorders, in contrast to fruit with greater DM values, which have a greater sensory acceptability by consumers (Arpaia et al., 2003) .
Fruit exported from Colombia to Europe are stored at least 14 d under cold conditions (5 to 7°C). Therefore, due to the aforementioned reasons, the establishment of an adequate harvest maturity index has significant economic importance (Bayram et al., 2016) . Hodgkin (1928) reported OC in fruit to be a maturity index. However, because OC measurement is not easily adaptable to field conditions, different studies and protocols conclude that DM can be used as a standard indicator for harvest maturity because of its close relation with OC and because it is cheaper and faster to establish (Lee et al., 1983) . In addition, nondestructive techniques such as near infrared spectroscopy were reported by different authors to be indicators for harvest maturity. However, Blakey (2016) found that it is not possible to create a model that allows for the identification of the precise maturity stage of a fruit. Alternatively, Bergh and Chen (1989) and Ranney et al. (1992) , described how avocado producers in Florida have used the loss of skin brightness, size, and weight in fruit as harvest indicators.
In Colombia, there is insufficient information regarding horticultural maturity indices for 'Hass' avocados. In the Department of Antioquia, Columbia, a minimum of 23.5% DM has been reported as necessary to obtain an OC of 11.2% (Carvalho et al., 2014) . However, this study showed that values differed according to the orchard in which they were cultivated. In addition, it is necessary to have nondestructive indicators to be In each orchard, we randomly selected 30 trees (unknown rootstocks) between 7 and 10 years of productive age. Each time blooming occurred, a total of 800 fruit were tagged with a tape in the peduncle after fruit set ( Fig. 1A and B), as described by Alcaraz et al. (2013) . When the fruit diameter reached 20 to 23 mm [fruit with atypical coloring, blotchy peduncles, peduncle banding, and black fruit coloring ( Fig. 2) ], among other abscission symptoms, were discarded (Delgado and Villanueva, 2014) .
Tagging was carried out throughout 2016 and 2017 to identify different fruit development periods corresponding to various fruit setting cycles and to guarantee an adequate representation of the fruit population available in different periods. We inspected all trees in each locality every 15 d to tag fruit appropriately. Eleven harvests were carried out in each tagging period from week 20 after fruit postanthesis until the DM was greater than 29% (week 58) as described by Rocha-Arroyo et al. (2011) and Cerdas and Montero (2014), including several modifications.
FRUIT HARVEST. Four fruit were sampled in each harvest date. Fruit were harvested manually with previously disinfected pruning scissors, leaving 5 mm of the peduncle as described by Waissbluth and Valenzuela (2007) . We harvested in the morning, verifying that the fruit was dry to avoid mechanical damage by friction. Each fruit was labeled and placed separately in a paper bag and later sent to Corpoica (Centro de Investigaci on La Selva, Rionegro, Colombia) for further analysis.
AGROCLIMATIC CHARACTERISTICS IN EXPERIMENTAL SITES. Climatic conditions were monitored in weather stations (WatchDog 2900ET; Spectrum Technologies, Plainfield, IL) equipped with sensors to measure and register temperature every 15 min (minimum, maximum, and mean), relative humidity (percent), solar radiation (watts per square meter), photosynthetically active radiation [PAR (micromoles photons per square meter per second)], and rainfall (millimeters).
PHYSICAL ANALYSIS. We measured the physical variables as follows.
Weight: The weight (grams) of the whole fruit was measured with a precision balance (PE 360 DeltaRange; Mettler Toledo, Greinfensee, Switzerland).
Color: The fruit epidermis color was established in the equatorial diameter using tristimulus colorimetry (HunterLab; Hunter Associates Laboratory, Reston, VA) using a portable colorimeter [2°Standard Observer and Illuminant condition C (CR400; Konica Minolta Sensing, Osaka, Japan)]. Data were expressed in the color space used by CIELab for L* (lightness), a* (redness), b* (yellowness), C (Chroma), and h°(hue) coordinates.
Dimensions: We used a Vernier caliper (United Precision Machine, Shenzhen, China) to measure equatorial and longitudinal diameter per fruit, and we then calculated the estimated volume assuming the fruit had a stable ellipsoid form.
Volume: The estimated volume was calculated as described by Bayram et al. (2016) where a is the polar diameter of the fruit, b is the transverse equatorial diameter, c is the longitudinal equatorial diameter, and 0.00093 is an adjustment parameter established for 'Hass'. CHEMICAL ANALYSIS. We measured the DM at the postharvest laboratory of Corpoica and the OC at the Basic Sciences Laboratories of Corporaci on Universitaria Lasallista 
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STATISTICAL ANALYSIS. Correlation models between OC and DM: We analyzed the OC and DM results using a simple linear regression analysis with a 95% confidence level. In addition, we obtained the probability value, correlation coefficient, coefficient of determination (R 2 ), and an adjusted model for each farm and region and for the Department of Antioquia according to the following equation:
where y corresponds to OC, x corresponds to DM, a corresponds to the intercept, and b corresponds to the slope. In addition, a regression line comparison was carried out to establish whether there were significant differences between the intercept and the slope for the harvest data (primary and secondary) with a 95% confidence level.
To evaluate the effect of climatic variables, the results also were analyzed using descriptive multivariate (PCA) and multiple regression statistics by steps forward with a 95% confidence level.
'Hass' avocado harvest indices in Antioquia: For each of the three regions in the Department of Antioquia, we applied a multiple linear regression model by steps forward with a 95% confidence level (see Eq.
[5]). The DM was used as the Y variable and all nondestructive variables, i.e., the time from tagging until harvest, colorimetric variables (L*, a*, b*, C*, and h°), equatorial and polar diameter, and estimated fruit volume, as predictor variables.
where vector X are all possible variables that represent DM variation adequately and vector b are the parameters associated with them. Then, we obtained an R 2 for each region. Finally, we analyzed the entire dataset using Statgraphics Centurion XVI software (StatPoint Technologies, Warrenton, VA).
Results
RELATION OF OC VS. DM. Table  1 and Fig. 3 show the results obtained using simple linear regression applied to the OC (y) and the DM (x). The probability values for Antioquia and the three regions were less than 0.05, indicating a significant linear relation between the OC and the DM at a 95% confidence level. There is a strong relationship between variables due to their correlation coefficients showing values ranging from 0.88 to 0.99. Moreover, R 2 values ranging from 78.88% to 98.92% indicate that the models explain more than 78% of the variability in the OC.
According to Lee et al. (1983) and Arpaia et al. (2003) , to obtain consumer acceptance, the fruit must have an OC greater than 11.20%. Taking this value as a reference, the DM content values were based on regression equations obtaining values that ranged from 22.96% (BV) to 24.95% (EB). These are similar to the ones reported by Carvalho et al. (2014) and close to the maturity indicator values (24% DM) reported from New Zealand (Pak, 2002) .
When comparing different simple regression lines obtained for farms and harvest periods (main and secondary) in the three regions of Antioquia, we found there were no significant differences (P £ 0.05) between the slopes of the regression lines.
OC VS. CLIMATIC VARIABLES. To evaluate the effect of climatic variables (maximum, minimum, and mean temperature; mean relative humidity; mean PAR; mean solar radiation and rainfall) and fruit development time, we carried out a PCA (Fig. 4) . The first and the second components explain 63.04% of the variability (37.46% for the first and 25.57% for the second). Moreover, DM and OC are highly correlated as previously discussed. Tagging time, rainfall, and temperature were in the positive side of the first component and have a greater weight. In contrast, solar radiation and PAR were located in the left side, showing negative values for the first component.
To assess the relation between climate values and fruit development time, we carried out a multiple regression analysis using the OC as the dependent variable. Three of the predictor variables included in the analysis had a significant relationship with the OC [P £ 0.05 (Table 2) ]. In the northern region, the fruit development time had a proportional direct relationship compared with the OC (R 2 = 78.78%). For example, as the fruit development time increases, the OC also increases, and this behavior was similar for the three regions studied. In the southeastern region, in addition to the fruit development time, the OC is related to the maximum environmental temperature (R 2 = 74.13%) in a directly proportional way. For the eastern region, in addition to the fruit development time, the mean temperature and rainfall had a statistically significant relation with the OC (R 2 = 77.81%). This behavior was similar to the consolidated value for the three regions studied.
In addition, our results are similar to the ones reported in the literature. Ozdemir and Topuz (2004) stated that the OC in the fruit mesocarp increases with age or the fruit development time. In addition, the OC in the fruit increases when using irrigation or according to rainfall (Kalmar and Lahav, 1977) , since it is associated with an increase in the metabolic rate (Claassens and Kruger, 1997) .
Similarly, the OC has shown to be affected by orchard location and by mean and minimum temperatures (Kaiser and Wolstenholme, 1994; Requejo-Tapia et al., 2000) . In our study, we did not observe any significant relation with the minimum temperatures. However, the maximum temperatures showed a relation with OC, similar to the results obtained from fruit cultivated in the El Maipo, Aconcagua, La Ligua, and Petorca valleys in Chile (Ferreyra et al., 2016) . In addition, the authors found that the palmitic acid content in the mesocarp increases with temperature, whereas the oleic acid content decreases. This suggests an effect of temperature on the lipid metabolism of the avocado during its development.
MATURITY INDICES. Studies published by Lee (1981) and Olarewaju (2014) have stated the previous difficulty in determining the state of maturity of 'Hass' avocados, since the fruit does not show obvious characteristics that might suggest an appropriate harvest time. This affects its quality and acceptance. Table 3 shows the results obtained in multiple regression analyses. This table shows that in the northern region of the Antioquia, the DM exhibits a direct proportional relation concerning time predictor variables and estimated fruit volume (R 2 = 85.17%). For example, the DM increases gradually as the fruit development time also increases (P £ 0.05). Similarly, the estimated fruit volume also increases gradually, whereas the b* color coordinate decreases. For the eastern region, some predictor variables had significant statistical relations over the DM (estimated fruit volume, fruit development time, and L* color coordinate) with a multiple regression model showing R 2 = 85.51. In the southwest, the model also shows a directly proportional relation of time with fruit harvest. In addition, it shows an inverse proportional relation with estimated fruit value, indicating that for this region, the fruit that show greater DM values are usually of smaller size. The southeastern region showed the lowest R 2 value (79.24). Finally, when grouping all the farms from the three regions, we established a model that can estimate DM through the following variables: time from tagging to harvest and L* color coordinate with R 2 = 73.57. Our results show that the harvest indicators used to estimate DM content vary between the regions. However, the fruit development time, color luminosity (L*), and the fruit volume allow for the measurement of the DM in a nondestructive way.
Once we assessed the harvest variables with a significant relation to the regions assessed, we were able to establish harvest indices for each region according to commercial scenarios in Antioquia. We developed these indices considering the DM and the OC values to obtain a harvest maturity value greater than 11.20% OC. The experimental values for harvest indicators per region are as follows. According to Cerdas and Montero (2014) , who used fruit that came from San Mart ın de Le on Cort es (Los Santos, Costa Rica), the DM content varies between 18% and 28% with fruit development setting times to harvest ranging from 31 to 44 weeks. However, our results show lower values for the northern region (17.99% to 24.37% DM), similar to those found in the eastern region (17.82% to 27.46% DM). However, these are lower than those found in the southwestern region (20.78% to 29.79% DM).
Conclusions
The results showed a high correlation between the OC and DM. In addition, these values showed significant differences between regions and farms; thus, according to the OC values, it is necessary to increase harvest DM values to reach a commercially acceptable OC value. We found the greatest DM value in the EB farm, whereas the BV farm required lower DM values to reach an OC of 11.20%. • December 2018 28 (6) In addition, multiple relation models showed that these differences were associated with fruit development time, rainfall, and mean and maximum environmental temperatures (P £ 0.05). Furthermore, fruit development time and L* color coordinates can be used as nondestructive harvest DM indicators for the Department of Antioquia. Therefore, time as well as estimated fruit volume should be used for the northern, near eastern and southwestern regions. 
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